The 2-stage determination is based on changes in blood coagulation activity brought about both by the administration of warfarin in conjunction with vitamin KJ epoxide and by feeding a vitamin K-free diet for 4 days. When it was applied to laboratory-bred rats of known warfarin-resistance genotype, 35/35 homozygous susceptible, 44/44 homozygous resistant and 131/133 heterozygous rats were correctly classified. This method was equally effective in identifying the genotype of wild rats carrying the warfarin-resistance gene, Rw 2 • The procedure is rapid and accurate.
Ever since resistance to the anticoagulant rodenticide warfarin was first reported (Boyle, 1960) there has been a need for a rapid and accurate method for determining the susceptibility or resistance of rats to anticoagulants.
Although a number of such methods have been described (Greaves & Ayres, 1967; Drummond & Wilson, 1968; Pool, O'Reilly, Schneiderman & Alexander, 1968; Greaves, Lind, Rase & Enander, 1973) , none of them combines the ideal characteristics of speed and accuracy. Another limitation of most methods used for anticoagulant-resistance screening is that, owing to the dominant nature of the resistance gene (Greaves & Ayres, 1967) , only the resistance phenotype can be identified-heterozygous and homozygous resistant rats responding similarly to one another.
The discovery that the enzymic reduction of vitamin KJ epoxide, a product of vitamin Kt metabolism, is less susceptible to inhibition by warfarin in resistant than it is in susceptible rats (Bell & Caldwell, 1973) has enabled the development of an improved method for identifying the warfarin-resistance phenotype in rats. This method has proved to be more rapid and more accurate than those used previously. In addition, by utilizing the fact that homozygous-resistant rats require more dietary vitamin K (Hermodson, Suttie & Link, 1969) , a procedure has been developed that can discriminate between the heterozygous and homozygous-resistant genotypes. 
Materials and methods
Warfarin was a gift from Ward Blenkinsop & Co. Ltd (Fulton House, Empire Way, Wembley, Middlesex, HA9 OLX, UK). Vitamin KJ was purchased from Sigma (London) Chemical Co. Ltd (Fancy Road, Poole, Dorset, BH 17 7NH) and vitamin K I 2,3 epoxide prepared from it (Tishler, Fieser & Wendler, 1940 Adult Rattus norvegicus of both sexes were used, including warfarin-susceptible rats from our own colony of Wistar-derived albino rats (T AS), domesticated warfarin-resistant rats (HW) and F I hybrids. The HW strain is homozygous for a resistant gene, Rw 2 , which originated in a wild rat population in Wales, while the TAS rats are homozygous for the susceptible allele Rw J (Greaves & Ayres, 1969) . By crossing T AS and HW rats F I hybrid offspring were obtained which were known to be heterozygous for the resistant trait. Wild rats were trapped on farms within the warfarin resistance area in mid-Wales where previous work has shown that approximately 45% of rats caught could be expected to be resistant (Greaves, Redfern, Ayres & Gill, 1977) . Wild rats were given a minimum of 7 days to acclimatize to laboratory conditions before being tested, during which time any sick or injured animals were discarded.
The vitamin K-free diet (Table 1) used to assess the dietary requirement for vitamin K was nutritionally adequate to permit normal weight gain when fed to TAS rats for 14 days. Whilst receiving this diet the animals were housed in suspended cages with wiremesh bottoms which allowed most droppings to fall through. It was hoped that this would minimize coprophagy and so lead to vitamin K deficiency, faeces being an important source of vitamin K in the rat (Mameesh & Johnson, 1959) . The satisfactory development of the deficiency, even in laboratory rats which have an extremely low vitamin K requirement, seems to indicate that the technique is effective. This technique is also employed to induce vitamin K deficiency in a number of strains of rat by Greaves & Ayres (1973) .
Blood samples (0·5 ml) were taken from the ventral tail vein under light ether anaesthesia, and mixed with sodium citrate anticoagulant (3·13% w/v, 0·05 mI). In a small number of wild rats where this method was unsuccessful, blood was obtained from the retroorbital sinus (Riley, 1960) . Clotting times were determined automatically with a 'Fibrometer' (Becton Dickinson (UK) Ltd, York House, Empire Way, Wembley, Middlesex, HA9 OPS, UK), using the 'Thrombotest' reagent. Conversion of clotting times to percentage coagulation activities was accomplished by reference to calibration curves. These were constructed for each batch of ,Throm bot est' by determining the clotting time of a range of dilutions of pooled samples of whole blood. Separate curves were drawn for laboratory-bred and wild-caught rats of each sex, using samples obtained from 6 male and 6 female T AS rats, and 3 male and 3 female wild rats respectively. These wild rats came from a site known to be occupied only by warfarin-susceptible animals. 
The test was compared with the method for assessing the incidence of warfarin resistance in wild Norway rat populations which has been used in this laboratory for a number of years (Drummond & Wilson, 1968) . This consists of feeding a bait of medium oatmeal containing 0·005% warfarin for 6 days followed by a 21 day observation period, a procedure which is lethal to 93·4% of homozygous susceptible rats (Greaves & Ayres, 1967) .
All rats were caged singly and supplied ad libitum with tap water and, except when receiving the vitamin K-free diet or warfarin bait, with pelle ted diet 4IB (Oxoid Ltd, Wade Road, Basingstoke, Hampshire, RG24 OPW, UK).
The ability of the proposed procedure to distinguish between the different warfarin-resistance phenotypes and genotypes was assessed by the standard methods of statistical discriminant analysis.
Results
The magnitude of the response to warfarin administration was determined in TAS, HW and F, hybrid strains of laboratory rats. Each animal was given warfarin (0·5 mg/IOO g) together with vitamin KI epoxide (0·1 mg/IOO g) in saline solution (0· 5 mi/IOO g) by intraperitoneal injection. Preliminary studies had shown that this amount of warfarin reduced the coagulation activity of T AS rats to less than 10% of normal within 24 h, while the dose of vitamin KJ epoxide used was approximately 3 times the equivalent amount of vitamin K, required to return the coagulation activity of vitamin deficient HW rats to 50% of normal in 24 h (Martin, 1973) . When the percentage coagulation activities of blood samples taken 24 h after the administration of warfarin and vitamin K. epoxide were determined it was found that the animals segregated into 2 distinct groups which corresponded with their known warfarin-resistance phenotypes (Fig. I) . In one group, which contained only the susceptible T AS rats, the percentage coagulation activities were reduced, while in the other, which contained both the resistant HW and F I hybrid rats, coagulation activities remained within the normal range.
The cut-off point between the 2 phenotypes was found iteratively by discriminant analysis to coincide with a percentage coagulation activity with a logarithm of 1· 23 (17%). Using this cut-off point, all 212 animals examined are correctly classified on the basis of their resistance phenotypes.
Following a recovery period of at least 3 days, the development of vitamin K deficiency in these same rats was assessed by determining the percentage coagulation activity of blood samples taken after the animals had been feeding on the vitamin K-free diet for 4 days. At the start of this feeding period each rat was given vitamin KJ (0·036 mg/lOO g) by intraperitoneal 10 20 resistant rats already being partially deficient of vitamin K. The results (Fig. 2) show that only the HW rats became markedly vitamin K deficient as indicated by a large reduction in their percentage coagulation activities. Most of the T AS and F 1 hybrid rats maintained blood-coagulation activities within the normal range.
Iterative discriminant analysis of these results gave a cut-ofT point for the segregation of the homozygous and heterozygous resistant genotypes with a logarithm of percentage coagulation activity of 1·08 (12%). Using this cut-ofT point all 44 HW rats were correctly classified as homozygous resistant, while 131 (98·5%) of the 133 F I hybrids examined were classified as heterozygous.
Following the demonstration that this procedure was capable of distinguishing between strains of laboratory rats on the basis of their warfarinresistance genotype, it was extended to wild rats. This was performed to identify phenotypically resistant rats, and then to segregate these into homozygous and heterozygous genotypes. The results (Figs 3 and 4) show a marked similarity to those previously obtained with laboratory rats. Following the combined administration of warfarin (0·5 mg/100 g) and vitamin KJ epoxide (0·1 mg/100 g) a clear segregation was injection, which is the amount of vitamin KJ required to return the coagulation activity of a vitamin Kdeficient HW rat to 50% of normal in 24 h (Martin, 1973) . This was done in order to minimize any variation in the initial vitamin K status of the animals that might have resulted from the homozygous achieved between those animals that responded with a reduction of blood coagulation activity and those that maintained a normal activity, the cut -oIT point of 17% calculated for the laboratory rats being intermediate between these groups (Fig. 3) . Rats from the group which had maintained coagulation activities greater than 17%, and which were therefore classified as being phenotypically resistant, were subsequently given an injection of vitamin K[ (0·036 mg/IOO g) and fed on the vitamin K-free diet for 4 days. Only II showed any clear sign of an increased requirement for vitamin Kt (Fig. 4 ) and of these 10 had coagulation activities with logarithms below the cut-olT point of 12% calculated for laboratory rats. The homozygous resistant genotype of all these 10 rats was subsequently confirmed by backcrossing them with T AS rats, when all the progeny were phenotypically resistant ( Table 2 ). The 11th rat had a blood coagulation activity just above 12%, but died before it could be backcrossed. The cause of death was a spontaneous haemorrhage, which suggests that it had an increased requirement for vitamin K and was, therefore, in all probability, homozygous resistant. However using the cut-off point calculated for laboratory rats this animal would have been classified as a heterozygote.
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Subsequent to the determination of their warfarinresistance phenotype, a number of both laboratory and wild rats were also subjected to the standard 6 day feeding test for warfarin resistance. The results (Table  3) show that 3 of the 212 laboratory bred rats of known warfarin-resistance genotype would have been incorrectly classified on the basis of the feeding test. The 2 TAS rats which survived would have been regarded as being resistant while the F [ hybrid that died would have been considered susceptible. Similarly 6 of the 116 wild rats were incorrectly classified by the feeding test: 5 of these showed no reduction in coagulation activity after the administration of warfarin and vitamin K epoxide, but died during the feeding test, while the other rat which had a coagulation activity of less than 17% after warfarin injection survived the feeding test.
Discussion Although a suitable method for indicating the general degree of resistance of rats to anticoagulants in the field has been described (Drummond & Rennison, 1973) , there has been a need for some time to improve the speed and accuracy with which individual resistant rats can be identified in the laboratory.
The problems associated with methods that involve the administration of a normally lethal dose of anticoagulant (Greaves & Ayres, 1967; Drummond & Wilson, 1968) are well illustrated by the results that were obtained in the present study when both laboratory-bred and wild-caught rats were subjected to the standard 6 day feeding test (Table 2) . Of the 35 laboratory rats known to be susceptible to warfarin 2 (5· 7%) survived, as did 1 (2·6%) of the 38 wild-caught rats that had been classified as susceptible on the basis of their response to the combined administration of warfarin and vitamin K epoxide. These results are in close agreement with the 6·6% survival rate reported by Greaves & Ayres (1967) for susceptible laboratory rats. Conversely, deaths due to haemorrhage were recorded among both laboratory and wild rats that had been classified as resistant. However, it was not possible to distinguish between warfarin poisoning or vitamin K deficiency as the cause of these haemorrhages. In addition some wild rats failed to feed freely throughout the 6 day feeding period and therefore remained unclassified in accordance with the recom- Drummond & Wilson (1968) . Apart from leading to some incorrect classifications the procedure is also time consuming, requiring a minimum of 27 days before the survivors can be considered to be resistant.
Other methods utilize differential changes in bloodcoagulation activity following anticoagulant administration (Greaves & Ayres, 1967; Pool et at., 1968) .
Because of the increased requirement for vitamin K (Hermodson et al., 1969) , resistant rats readily become deficient in this vitamin and develop a hypoprothrombinaemia which is indistinguishable from that caused by anticoagulant poisoning in susceptible rats, thereby causing resistant rats to be erroneously classified as susceptible.
Furthermore, the large natural variation in blood coagulation activity often precludes the establishment of a clear cut-off point between the coagulation activities of resistant and susceptible rats following warfarin administration (Pool et al., 1968) .
The procedure described in this communication overcomes these problems. By administering vitamin KJ epoxide in combination with warfarin any tendency for the resistant animals to become vitamin K deficient is minimized without reducing the magnitude of the response shown by the susceptible animals. This enables a distinct cut-off point to be established between the decreased coagulation activity brought about in susceptible rats and the normal level maintained in resistant rats. As a result the procedure is both rapid, requiring only 2 days to complete, and accurate, the correct phenotype being confirmed in all 212 laboratory-bred rats tested. A further advantage over the standard feeding test is that the anticoagulant-susceptible animals remain alive at the completion of the test and are therefore available for subsequent studies.
Owing to the dominance of the resistant trait (Greaves & Ayres, 1967) , all methods for detecting resistance which involve the administration of anticoagulant are only capable of identifying the resistance phenotype. For many studies the homozygous resistant rat is preferred, but until recently the only method of differentiating unequivocally between homozygous and heterozygous resistant rats has been by breeding studies, which are expensive and time consuming.
The recognition that homozygous warfarin-resistant rats possess a 20-fold increase in their requirement for dietary vitamin K, while heterozygotes, have only a 3-fold increase compared with homozygous susceptible rats (Hermodson et al., 1969) , has facilitated an alternative approach to the problem of discriminating (1973) used these variations in vitamin K requirement to differentiate between all 3 genotypes. However, in the absence of any clear cut-off points between the responses of the genotypes some animals were thought to be wrongly classified. In the procedure described in the present communication the variation in dietary vitamin K requirement is used to differentiate between only the heterozygous and homozygous resistant genotypes. At the end of the 4 day feeding period on the vitamin K-free diet the blood coagulation activity of all the laboratory-bred homozygous resistant rats was reduced below the 12% cut-off point, while that of 131/133 (98%) of the heterozygotes remained above this point. An improvement in accuracy might be obtained either by decreasing the length of time the vitamin K-free diet is fed or by taking blood samples for the determination of coagulation activity after both 3 and 4 days. These possibilities are currently being investigated in this laboratory.
The dose levels of warfarin and vitamin K I epoxide together with the duration of vitamin K-free diet feeding period used in the present work were all established and evaluated with rats carrying the warfarin resistance gene which originated in Wales. Modifications will have to be made before these procedures can be applied to rats possessing other forms of resistance such as that found in animals from the original Scottish resistance area, which are known to possess a vitamin K requirement intermediate between that of susceptible rats and homozygous Welsh resistant rats (Martin, 1973; Greaves & Ayres, 1973) . The method, therefore, cannot be used as an alternative to the feeding method adopted by the World Health Organization (1975) for evaluating genetically controlled anticoagulant resistance of any type in any rodent species throughout the world.
At the present time the combined warfarin and vitamin K) epoxide administration procedure is being evaluated in this laboratory for the routine screening of all wild rats obtained from natural infestations that have proved difficult to control with anticoagulant rodenticides. Both stages of the test procedure are also being used in experimental studies into the occurrence, persistance and genotype structure of populations of wild warfarin-resistant rats in Wales.
